ABSTRACT-Tracheal relaxing effects and /32-selectivity of TA-2005 were investi gated by functional experiments and radioligand binding assay in guinea pigs in com parison with those of other ,Q-agonists, isoproterenol, procaterol, formoterol and sal butamol. The relaxing activity of TA-2005 on histamine-induced contraction in the isolated trachea was most potent among the five agonists, and it was blocked by a 82 selective antagonist (ICI 118,551) but not by a /3,-selective antagonist (bisoprolol). The potency of the relaxing effect was in the order of TA-2005 (pD-, = 9.79) > for moterol > procaterol > isoproterenol > salbutamol. The positive chronotropic effect of TA-2005 was similar to that of isoproterenol; and it was more potent than those of formoterol, procaterol and salbutamol in the isolated atria. The selectivity for tracheal muscle to atria of these agonists were in the order of procaterol > formoterol > TA 2005 > salbutamol >> isoproterenol. A radioligand binding experiment using guinea pig lung and cardiac ventricle as ,82 and 81-adrenoceptor sources, respectively, has also demonstrated that TA-2005 possesses extremely high affinity (IC50 = 1.04 nM) and selectivity (38-fold) to X32-adrenoceptors. By addition of GTP, the competition curve of [1251 ]iodocyanopindolol shifted rightward, indicating the agonist property. These results confirmed that TA-2005 is a highly 82-selective agonist that exerts a po tent tracheal relaxing effect.
Bronchodilators, especially ,Q2-adrenoceptor stimulants have been widely used as agents for the treatment of patients with reversible air way obstruction. Historically, isoproterenol has been the most popular /8-adrenoceptor stimulant but it does have some disadvantages such as tachycardia due to its low selectivity towards the airway. In 1967, Lands et al. (1, 2) proposed a classification of /3-adrenoceptors into two subtypes, (mediating the cardiac stimulation) and 82 (mediating the bronchial and vascular relaxation). Since then, many bronchodilators such as trimetoquinol (3, 4) , salbutamol (5) , procaterol (6) and formoterol 
MATERIALS AND METHODS
Experiments using isolated guinea pig trachea Male Hartley guinea pigs (250 770 g, Japan SLC) were killed by exsanguination with a blow on the head.
The trachea was dissected and cut into zig zag strips according to the method of Emmer son and Mackay (8) . Trachea strips were sus pended in 20-m1 organ baths filled with Tyrode solution of the following composition: 137.0 mM NaCl, 11.9 mM NaHCO3, 2.68 mM KCI, 1.89 mM CaC12, 1.09 mM MgCl2, 0.42 mM NaH2PO4 and 5.6 mM glucose, which was continuously gassed with 95% 02-5% CO, and maintained at 37°C.
Tension changes of the preparation were re corded isometrically with a strain gauge trans ducer (UL-10, Shinkoh) on an ink-writing re corder (WI-681G, Nihon Kohden). The prepa ration was stretched to a resting tension of 1.0 g and was allowed to equilibrate for an hour.
A contraction was induced by the addition of 3 X 10-5 M histamine, which produced a submaximal contraction. Test compounds were added cumulatively in the tonic phase of the contraction. At the end of the experiment, 1 X 104 M papaverine was also added to obtain the maximum relaxation. Agonistic activities of the compounds were estimated by pD2 (negative log molar concentration that produced 50% relaxation) obtained from each concentration-response curve and by their in trinsic activity (i.a.: ratio of maximum relaxa tion induced by the compounds to that in duced by 1 X 10-4 M papaverine).
In some experiments, tissues were preincu bated with 8-adrenoceptor antagonists (pro pranolol, ICI 118,551 (9) or bisoprolol (10)) 30 min before introduction of the compounds.
Experiments using isolated guinea pig right atria Male Hartley guinea pigs (250-770 g, Japan SLC) were killed by exsanguination with a blow on the head.
Right atrial strips were prepared and sus pended in organ baths in the same way as de scribed above except that concentration of glu cose in Tyrode solution was 11.1 mM and the temperature was maintained at 32°C. The spontaneous atrial beating rate was measured with a heart rate counter (AT-601G, Nihon Kohden) triggered by atrial contraction, and it was recorded on a Linearcorder (WR3701, Graphtec). Test compounds were also added cumulatively in this experiment. Since the re sponsibility of the tissue decreased after the treatment with each of the test compounds, the effect of the agonist was normalized by maximum isoproterenol response, which was obtained in the initial isoproterenol run before testing each drug (TA-2005, procaterol, for moterol, salbutamol or isoproterenol). Since several concentration-response curves were biphasic, agonistic activities of the compounds were expressed as pED25 (negative log molar concentration that produced a 25% increase of the maximum response to isoproterenol). In trinsic activities of compounds were also calcu lated from the ratio of the maximum response induced by the compounds to that induced by isoproterenol.
In some experiments, tissues were preincu bated with a /-adrenoceptor antagonist (ICI 118,551 or bisoprolol) 30 min before introduc tion of the compounds.
[125lJlodocyanopindolol binding in guinea pig ventricular and lung membranes Male Hartley guinea pigs (300 350 g, Japan SLC) were killed by exsanguination with a blow on the head.
The cardiac ventricle and lung were re moved and homogenized in 20 volumes of ice cold 50 mM Tris-HC1 buffer (pH 7.5, 25°C) us ing a Polytron (setting 7 8, 15 sec X 2). The homogenate was centrifuged at 1,500 X g for 10 min, and the supernatant was recentrifuged at 45,000 X g for 20 min. The pellet was homogenized using a Potter type glass Teflon homogenizer with 7 8 passes. The homogen ate was centrifuged again at 45,000 X g for 20 min. The final pellet was resuspended in the above buffer and stored in liquid nitrogen un til use. The above procedures were conducted at 2 4°C.
The saturation experiments were performed in duplicate by incubating an aliquot of the membrane preparations (ventricle, 50 mg; lung, 5 ,u g) with various concentrations of [125I]iodocyanopindolol (10-200 pM) for 60 min at 25°C (final incubation volume of 300 ul). Incubation was terminated by adding 8 ml of ice-cold 50 mM Tris-HCl buffer. Mem brane-bound [125I]iodocyanopindolol was sepa rated from free radioligand by filtration using a cell harvester (Brandell, Gaithersburg, MD) over glass fiber filters (Whatman, GF/B). The filters were washed with an additional 8 ml of ice-cold Tris-HC1 buffer. The radioactivity of the membrane-bound [125I]iodocyanopindolol was determined with a well type gamma coun ter (ARC-360, Aloka, Japan). Specific binding was defined as the difference between the amount of [125I]iodocyanopindolol bound in the absence and presence of 5 ,u M proprano lol.
In the competition experiment, an aliquot of the membrane suspension was incubated with [1251]iodocyanopindolol (50-70 pM) and vari ous concentrations of competing drugs. Specif ic binding was obtained as described above. Specific binding in the ventricular and lung membranes were about 80 and 90%, respec tively, of the total binding, which did not ex ceed 20% of the total ligand added. In the case of isoproterenol, ascorbic acid (0.1 mM) was included in the incubation mixture to pre vent oxidation of the catechol moiety.
In the lung membrane preparation, the ex periment was conducted in the presence of an appropriate concentration (10-7 M) of the highly 81-selective antagonist bisoprolol to suppress X31-adrenoceptors which occupy 20% of the total /3-adrenoceptors (11, 12) . All the experiments were performed both in the pres ence and absence of 0.2 mM guanosine 5' triphosphate (GTP). Protein concentration was determined using the Pierce BCA Protein Assay Reagent (Pierce, Rockford, IL).
Materials
[125I]lodocyanopindolol (specific activity, 2,000 Ci/mmol) was purchased from Amer sham. TA-2005, procaterol hydrochloride, for moterol fumarate, salbutamol sulphate, and ICI 118,551 hydrochloride were synthesized in the Organic Chemistry Laboratory of Tanabe Seiyaku Co., Ltd. Other drugs used were as follows: (± )-isoproterenol hydrochloride, his tamine dihydrochloride (Nacalai Tesque), papaverine hydrochloride (Tokyo Kasei), (±) propranolol hydrochloride (ICI), guanosine 5' triphosphate (Merck), and ascorbic acid (Nacalai Tesque). (-)-Bisoprolol fumarate was a gift from E. Merck. All other chemicals used were of reagent grade.
Statistics
Mean pD2 values are given together with the standard error of the mean (S.E.). pA2 values were obtained from the Schild equation (13) . Selectivities of the agonists between tracheal relaxing and positive chronotropic effects were estimated by the pD2/pED25 ratio in a pharmacological study. Statistical analysis was performed by ANOVA and Dunnett's method, and P < 0.05 was considered to be statistically significant.
The equilibrium dissociation constant (Ku) and maximum number of binding sites (Bmax) for the [125I]iodocyanopindolol binding to both membrane preparations were determined by Scatchard analysis using a personal computer (Sord M343). IC50S of the radioligand competi tion curves were calculated by Hill plots. Overall selectivity of the drugs in the binding study for ~' 2-adrenoceptor subtypes was asses sed by IC50 (ventricle)/IC50 (lung) ratio.
RESULTS
Effects on histamine-induced contraction in the isolated guinea pig trachea TA-2005 concentration-dependently relaxed the histamine-induced contraction of isolated trachea at 3 X 10-10 M or more (Fig. 2) . The concentration-response curve for TA-2005 was parallel to those for salbutamol, isoproterenol, procaterol and formoterol (data not shown). The pD2 value of TA-2005 was 9.79 ± 0.04 (Table 1) . Based on the pD2 value, the relax ing effect of TA-2005 was 309, 275, 14, and 7.2 times more potent than those of salbuta mol, isoproterenol, procaterol and formoterol, respectively. The intrinsic activities of all com pounds were close to 1.0.
Effects on the isolated guinea pig right atria
Although TA-2005 at 1 X 1011 M or more increased spontaneous atrial rate in a concen tration-dependent manner, the concentration response curve of TA-2005 was biphasic (Fig.  3) . The pED25 value of TA-2005 (9.16 ± 0.06) was similar to that of isoproterenol (pED25 = 8.82) but was 170, 26 and 12 times greater than those of salbutamol, procaterol and for moterol, respectively ( Table 1) .
The intrinsic activities of TA-2005 and for moterol were close to 0.9, but those of salbu tamol and procaterol were smaller than the former (Table 1) .
Selectivity for tracheal muscle
Isoproterenol was significantly less potent in the tracheal muscle than in the right atria (selectivity ratio = 0.034). In contrast, the selectivity ratio of TA-2005 was 4.3, indicating that this compound is much more selective to the tracheal muscle than isoproterenol. Pro caterol and formoterol showed slightly higher selectivity than TA-2005, while the selectivity ratio of salbutamol was smaller than that of TA-2005. (Fig. 3A) . On the contrary, bisoprolol did not affect the responses at a lower concentration range of TA-2005, but blocked the responses at a higher concentra tion range (1 X 108 M to 3 X 105 M) of TA-2005 (Fig. 3B) .
Similar results were obtained with the posi tive chronotropic effect of salbutamol, but the blocking activities of ICI 118,551 and bisopro lol were more prominent than in the case of TA-2005 (Fig. 4A ). In the case of isoprotere nol, the cumulative-response curve was shifted to the right by bisoprolol (1 X 10-" M), but not by ICI 118,551 (108 M) (Fig. 4B ).
Affinity and selectivity for /3-adrenoceptor sub types by radioligand binding Specific binding of ['25I]iodocyanopindolol to the guinea pig ventricle was saturable, and Scatchard analysis indicated a single popula tion of binding sites with a KD of 64.1 ± 4.1 pM (4 experiments) and Bmax of 20.0 ± 0.3 fmol/mg protein (4 experiments). In the lung membrane, specific binding was also saturable in the presence of 10' M bisoprolol; KD and Bmax were 48.5 ± 2.8 pM (4 experiments) and 399.3 ± 6.9 fmol/mg protein (4 experiments), respectively. These data were similar to those previously reported (11, 14) . The Scatchard plots were linear and the apparent Hill coeffi cients were unity in both membranes, indicat ing the absence of cooperative interactions. Table 2 , all radioligand competition curves in the lung membrane (l2) prominently shifted rightward to lower affinity. IC50 values for isoproterenol and salbutamol increased by 700 and 470%, respectively. Those for the other 9-agonists increased by 170-230%. Generally, slope fac tors also increased by the addition of GTP, and those for isoproterenol, salbutamol and procaterol approached to near 1 (data not shown). In the case of TA-2005, however, the slope factor was not affected greatly in the presence of GTP. In the ventricular mem brane (,81), GTP-induced changes in ICS" values were less than those in the lung mem brane. Though IC50 values for isoproterenol and salbutamol increased by 310 and 160%, respectively, those for TA-2005 and for moterol increased by only about 60%. In the isolated right atria, when compared by pED25, the order of the chronotropic effect was TA-2005 >_ isoproterenol > formoterol > procaterol > salbutamol. The maximum posi tive chronotropic response of TA-2005 was about 80% of that of isoproterenol. The selec tivity ratio (tracheal relaxation/chronotropic action) of TA-2005 was 1.8 and 125 times greater than those of salbutamol and iso proterenol. It was less than those of procaterol and formoterol. Positive chronotropic effects and the selectivity ratio for isoproterenol and salbutamol in this study were practically com patible with those reported previously (6, 16) . The maximum positive chronotropic response to TA-2005 was about 80% of that of iso proterenol, and it was larger than those of procaterol and salbutamol. Raper and Malta (17) and Yabuuchi (6) found that salbutamol and procaterol antagonized the positive chro notropic response to isoproterenol competi tively in the isolated guinea pig right atria. The antagonistic activity of TA-2005 in the isolated right atria is considered to be smaller than those of salbutamol and procaterol, be cause of its higher intrinsic activity than these drugs. Mabuterol, which is known as a /32 selective agonist (18, 19) , has been reported to possess 81 and /32-adrenoceptor antagonistic activities at higher doses.
We found that the concentration-response curves for TA-2005 in the isolated right atria was biphasic and the chronotropic effect of TA-2005 at the lower concentration range (1 X 10-12 M to 1 X 10-s M) was blocked by ICI 118,551, but not by bisoprolol. However, the chronotropic effect of TA-2005 at the higher concentration range (1 X 10-"M to 1 X 10-5 M) was blocked by bisoprolol, but not by ICI 118,551. These results indicate that the chronotropic effect of TA-2005 at the lower concentration range in the guinea pig right atria occurs predominantly through activation of /32-adrenoceptors. In contrast, the chrono tropic effect of isoproterenol in the same prep aration occurs through the activation of 8 1 adrenoceptors only, because the effect of iso proterenol was blocked by bisoprolol, but not by ICI 118,551. These observations were com patible with the data obtained by Johansson and Persson (20) .
In order to confirm the airway selective bronchodilating action of TA-2005 demon strated by functional experiments, we also ex amined the affinity and selectivity of the com pound for /.8-adrenoceptor subtypes by radio ligand binding in comparison with other 8 agonists. Though the guinea pig ventricle con tains a homogeneous population of R 1-adre noceptor, 20% of the /3-adrenoceptors are of the /31-subtype in lung membranes (11, 12, 21) . Thus, we prepared a relatively pure ,82 adrenoceptor preparation by including highly selective /31-antagonist bisoprolol (10-7 M) in the lung membrane to suppress ,81-adre noceptors. Specific binding in both membrane preparations were saturable, and the Scatch ard analysis and Hill plots indicate the validity of our experimental conditions. TA-2005 exhibited extremely high affinity (ICso = 1.04 nM) in the lung membrane. Selectivity of TA-2005 for /32-adrenoceptor assessed by the IC50 (ventricle)/ICso (lung) ratio was 38 times, showing the highest selec tivity among the /3-agonists examined. The selectivity ratio of isoproterenol, a nonselec tive 8-adrenoceptor full agonist, was 0.9. The order of ,Q2-selectivity among the agonists did not change in the presence of GTP. Interest ingly, the extent of the rightward shift of the inhibition curve of TA-2005 in the lung mem brane was much smaller than that of iso proterenol. It seems that TA-2005 has less in trinsic activity than isoproterenol, because the GTP-induced rightward shift has been known to correspond to the intrinsic activities of 8 agonists (21) (22) (23) . The reason for the discrep ancy between functional and binding experi ments is unknown. The high affinity state of this compound may possess a different effi ciency in ,Q-adrenoceptor-adenylate cyclase coupling from that of isoproterenol.
As for the /Q2-selectivity, TA-2005 exhibited relatively higher selectivity in the binding ex periment than in the functional experiment. Although the reason for this disagreement is not clear, possibilities are as follows: potent activity of TA-2005 on /Q2-adrenoceptor caused a positive chronotropic effect on the right atria which contains a significant popula tion (23%) of 82-adrenoceptors in contrast of the left ventricle (24) . Secondly, antagonistic activities of salbutamol (17) and procaterol (6) 
